In a new competitive environment, it becomes possible for the third party to access a transmission facility. From this structure, to efficiently manage the utilization of the transmission network, a new definition about Available Transfer Capability (ATC) has been proposed. According to the North American ElectricReliability Council (NERC)'s definition, ATC depends on several parameters, i.e. T otal T ransfer Capability (TTC), T ransmission Reliability Margin (TRM), and Capacity Benefit Margin (CBM). This paper is focused on the calculation of TRM which is one of the security margin reserved for any uncertainty of system conditions. The TRM calculation by probabilistic method is proposed in this paper. Based on the modeling of load forecast error and error in transmission line limitation, various cases of transmission transfer capability and its related probabilistic nature can be calculated. By consideration of the proposed concept of risk analysis, the appropriate required amount of TRM can be obtained. The objective of this research is to provide realistic information on the actual ability of the network which may be an alternative choice for system operators to make an appropriate decision in the competitive market. The advantages of the proposed method are illustrated by application to the IEEJ-WEST10 model system.
Introduction
In the present open access transmission system, much more accurate and flexible information are needed to provide a non-discriminatory access to all participants. Available Transfer Capability (ATC) is one of the key parameters indicating an ability of power system to reliably increase the transferred power between two zones or two points. According to the NERC's definition (1) (2) , ATC depends on several parameters, i.e. Total Transfer Capability (TTC), Transmission Reliability Margin (TRM), and Capacity Benefit Margin (CBM). Mathematically, ATC is defined as TTC minus baseflow, TRM and CBM. By its definitions, TTC is a maximum amount of power that can be transferred over the interconnected system in a reliable manner between a pair of defined source and sink locations.To complement the using of this transmission capability, TRM is proposed as a security margin concerning any uncertainty in the operating conditions while CBM is considered as a reserved margin to ensure access to generation from interconnected system for a generation reliability requirement. Relations among ATC, TTC, TRM and CBM are shown in Fig. 1 . This paper will now focus only on the calculation of TRM which is reserved for the uncertainties of system conditions. The uncertainties in the operating condition may come from many sources such as line parameters error (transmission line capacity change), load forecast error or other base case data error (3) . Generally, there are now four methods proposed for calculating this value, TRM (4) . The first method is based on repeated computation of TTC using variations in base case data. The second one is a single repeat calculation of TTC using transmission line limitations reduced by fixed percentage (e.g. 4%). The next one is simply to reduce the TTC by a fixed percentage (e.g. 5%). The last method focused in this research is a probabilistic approach using statistical forecast error and other systematic reliability concepts.
From Fig. 1 , it can be seen that there is some relation between TRM and TTC. We may consider the TRM as a difference of TTC between cases with and without consideration of uncertainties. The required TRM can be calculated directly by twice calculations of TTC; one without uncertainty and the other, with uncertainties. By consideration of the difference of TTC between these two cases, TRM can be obtained.
From this point, it is obviously seen that if we can calculate TTC, the TRM can be obtained easily. Therefore, in this research, before going to the concept of the proposed TRM calculation, the TTC calculation method is firstly introduced. In general, TTC will be calculated by considering the maximum transfer capability between two locations under the severest system condition (5) (8) . This method seems appropriate and efficient to manage the usage of the transmission system. However, consideration to the probabilistic nature of the power system, the obtained TTC may be too conservative and therefore may lead to an inefficient use of system resource. Therefore, to cope with this kind of problem, this paper proposes a probabilistic approach to evaluate both TTC and TRM. By using the Monte Carlo simulation (9) (10) , the conditions of power system, e.g. status of transmission line, and the uncertainties e.g. load forecast error and transmission line capacity change, will be simulated. Then a probability density function (p.d. f ) or distribution of the related TTC is obtained (11) . This proposed information provides an alternative choice for Transmission Providers (TPs) or ISOs to flexibly choose the appropriate TTC and then TRM under their criteria to match with a real time economic signal. This paper is organized in the following sequences. Section 2, the probabilistic nature of TTC calculation is discussed. Section 3, an algorithm of TTC calculation is summarized. In section 4, the proposed algorithm for TRM calculation is discussed. Then, in section 5, contingency selection and uncertainty modeling methods are proposed. Risk analysis for TTC is also proposed in section 6. Application of the proposed probabilistic method the IEEJ-WEST10 model system is presented in section 7. Finally, conclusion and summary are provided in section 8.
Why Probabilistic ?
In the conventional TTC calculation method, maximum transfer capability of many scenarios due to the contingency system conditions will be evaluated. In practice, the N-1 contingencies are generally of main interest. Then, the minimum one among these candidates is set to be the TTC of a specified path. However, this technique may not be appropriate in some practical systems. One reason is that a probability of an occurrence of the worst case may be very small. It may not occur in any specified lead-time. This results in the too conservative and inefficient use of the network resources. The other reason, in contrast to the first one, is that in the system that contains the large number of equipments, the N-1 contingencies may not be enough to cover all possible scenarios occurring in the near future. For example, assume that one power system has 1000 transmission lines and each line has 0.1% unavailability From the above example, we can see that the N-1 criterion covers only 73.58% of the overall possible events which may not enough. Therefore, more than one outage equipment conditions, (N-2, N-3 or more) are also significant and cannot be neglected. From these reasons, it can be seen that rather than deterministic criteria, alternative approach is needed.
In this paper, to consider most of all possible events the Monte Carlo simulation method is used. At first, the network condition is sampled. Then, the maximum transfer capability is calculated for each scenario. This simulation process is continuously done until some appropriate stopping criteria are met. After that, the obtained data containing maximum transfer power and their related probability are used to form a probability distribution. This distribution is used to describe a probabilistic nature of TTC for the specified path and is a vital tool used to consider the appropriate TRM which is proposed in this paper. Methodology used to evaluate maximum transfer capability will be shortly explained in the next section and the detailed explanation of the utilization of probabilistic TTC is discussed in section 4.
TTC Evaluation
In this paper, TTC means the maximum power that can be transferred over the interconnected transmission network from one location known in this context as "source-bus" to another one location known as "sink-bus" in a reliable manner while meeting all of a specified set of defined pre-and post-contingency system conditions. As stated before, to calculate TTC, the Maximum Transfer Capabilities (MTC) under many contingency system conditions have to be considered. Then the TTC will be determined from all these candidates. Therefore, the process of calculating the maximum transfer capability at each system condition is essential.
At present, there are many methods proposed for calculating the MTC. However, in this research, the alternative technique called two-step method (12) (13) is used. It does not need executing optimization program. Only processes similar to a power flow calculation are needed. Because MTC calculation is out of the scope of this paper, only main idea of MTC calculation is explained in simple manner in this section.
Security Constraints
Once the interested contingency condition is specified, the ability of interconnected transmission networks to reliably transfer electric power may be limited by one of the following constraints:
( 1 ) Voltage Level Limit: System voltage must lie within an acceptable minimum and maximum interval (using [0.95-1.05] in this paper).
( 2 ) Transmission Line Thermal Limit: Electrical loading of transmission lines in MVA base should not exceed the normal and emergency ratings in normal and contingencies cases respectively.
( 3 ) Generation Limit: Generation at source must not exceed its generating capacity limit.
( 4 ) Voltage Stability Limit: The system must withstand the disturbance that may cause the voltage collapse or it means that the operating state should not be close to the nosepoint (using margin 15% of nose-point power as a security limit).
( 5 ) Transient Stability Limit: The system must withstand the disturbance that may cause loss of system synchronism (using the criterion that voltage angle difference should not be more than 45 degrees as a security limit).
Relationship of maximum transfer capability and system limitations can be illustrated in Fig. 2 . It can be seen that the limitation of MTC among those set of constraints varies as a function of time or system condition. At one condition, the maximum transfer capability may be limited by thermal limit while, at another condition it is limited by transient stability limit.
MTC Calculation Technique
Basically, by its definition, MTC is a maximum amount of power under a given system condition that can be transferred from sourcebus to sink-bus without any violation of system constraints. To calculate this amount, this paper formulates the problem by adding a load parameter, λ, to the load at the sink-bus while the source-bus is considered as a system slack.
where, λ is a load parameter, P L and Q L are real and reactive load at the sink-bus, K p and K q are load multipliers related to power factor.
To calculate the maximum transfer capability between a pair of these locations, the load parameter, λ, have to be maximized. A method used to calculate the maximum transfer capability under each system condition is called 2-step method. With this method solving of the optimization is not needed. Only the processes called Prediction and Correction are required.
In prediction stage, sensitivities of system parameters with respected to the load parameter will be calculated. These sensitivities are used to define which constraint is violated. After that, in correction stage, the maximum transfer capability will be calculated by solving that constraint altogether with the power flow equation. Details of both concepts can be found in references (12) (13) .
Proposed TRM Calculation Method
From NERC's definition, TRM is a transfer capability that is reserved for any uncertainty which may occur in the near future. The uncertainties considered in this paper comprise 2 categories; load forecast error and transmission line rating error. Models of both uncertainties will be illustrated in section 5-2. As we described before that TRM has a very strong relation to TTC, if we can calculate TTC, we can also calculate TRM. In addition, from Fig.1 , we can see that TRM can be considered as the difference of TTC of the case that does not consider uncertainty and the case that both uncertainties are taken into account. Therefore, to calculate TRM, we have Fig. 3 . Probability density function of maximum transfer capability to calculate TTC for two cases; TTC normal and TTC uncertainty . In this paper, the probabilistic method is proposed to apply to both of the TTC and TRM calculations. For TRM calculation, at each system condition obtained from Monte Carlo simulation method, first, we have to calculate the MTC normal without consideration of uncertainty. Next, the uncertainties will be taken into account by sampling method. At this stage, system condition is changed due to occurring of uncertainties. Then the MTC uncertainty has to be calculated again. After the simulation converges, the concept of 5% of risk of curtailment proposed in this paper is used as criteria to determine the optimal TTC for both cases. Finally, the TRM is determined from the difference of these two TTCs. Flowchart of the proposed method is shown in Fig. 3 .
Contingency Selection Method and Uncertainty Modelling for TRM
As stated in section 2, rather than the deterministic method, the probabilistic method is used to calculate TTC and also TRM. Generally, the probabilistic nature of power system can be described by a characteristic of system operating cycle which is usually analyzed by simulation methods.
Additionally, in consideration of TRM, many uncertainties have to be taken into account. Typically, characteristics of these uncertainties can be described well by probabilistic models which are generally analyzed by simulation methods. Therefore, in this research, to describe the probabilistic nature of power system and to model the uncertainties in TRM calculation, the Monte Carlo simulation is employed.
Contingency Selection
In this paper, the probabilistic method by sequential Monte Carlo simulation (9) is used as a tool to simulate the operating cycle of the interested system. Generally, the operating characteristic of equipment is represented by two-state Markov model (9) which comprises ON and OFF states in rotation. The operating time in the normal state (ON) is called Time to Failure (TTF) and the repair time in the failure state (OFF) is called Time to Repair (TTR) (10) . The operating state of the system in each scenario can be obtained by considering the state of all equipment simultaneously. This process can be explained by using simulation diagram in Fig. 4 . Typically, the TTF can be described by the exponential distribution. Thus, by Monte Carlo simulation, TTF can be expressed by Eq.(3).
In similar way, TTR can be described by either the exponential or the normal distribution. However, a normal distribution is used in this paper. Hence, TTR can be expressed by Eq.(4)
where, λ j is a failure rate of equipment j U is a uniform distributed random number r j is a repair time of equipment j Z is a normal distributed random number σ r j is a standard deviation of a repair time of the equipment j which can be estimated to be x% of repair time Simulation diagram of TRM calculation is illustrated in Fig. 5. From Fig. 5 , it can be seen that at each system condition sampled by using the Monte Carlo simulation method, both cases of the maximum transfer power are calculated. After that, next system condition will be generated, and these two MTC have to be calculated again. These processes will be continuously done until the simulation converges.
Uncertainty Modeling
Uncertainties considered in this paper comprise two main categories. One comes from line parameter errors resulting in transmission line rating errors. The other one comes from load forecast errors resulting in base case data errors. In practice, the transmission load-ability of the transmission line, or thermal limit, is not actually a constant parameter but depends on many factors including the ambient temperature, the surrounding wind velocity, and etc. The maximum load-ability of the transmission line is generally evaluated from the balance heat transfer equation. The widely used transmission line thermal limit is calculated from the expected worst case of the ambient conditions. However, in the competitive environment, all transmission facilities have to be utilized as efficient as possible. Using the thermal limit obtained from the worst case condition may lead to inefficient use of these facilities. Therefore, the concept of Dynamics Transmission Load-ability is of interest by many researchers (17) (18) . Therefore, the thermal limit of each transmission line will depend on the ambient conditions, and it can be seen that the transmission line thermal rating considerably changes around its expected value.
The characteristics of both uncertainties can be modeled by the probabilistic approach through the Monte Carlo simulation. Each transmission line rating can be considered as its expected value plus some uncertainty. In the same way, load at each bus will be considered as its forecasted value plus some error. By a normal distribution, the thermal rating of transmission line ij and the load demand at bus j can be modeled as Eqs. (5) and (7) respectively.
where, S i j is thermal rating of transmission line ij Z is a normal distributed random number σ S i j is a standard deviation of an expected thermal rating which can be estimated to be α times of its limit as Eq.(6) P j is load demand at bus j σ P j is a standard deviation of a forecasted demand at bus j which can be estimated by β times of square root of forecasted value as Eq. (8) 
It should be noted that the reactive power load at bus j can be calculated directly from Eq.(7) through an assumption of constant power factor. 
Probabilistic Approach and Concept of Risk Analysis

P.D.F. of Maximum Transfer Capability
In the conventional method, the TTC both with and without consideration of uncertainties, is calculated from the minimum value of group of maximum transfer capabilities obtained from N-1 criteria. However, as stated in section 2, in this research, rather than considering only N-1 contingencies, the Monte Carlo simulation is used. By simulation method, many system conditions will be generated. At each scenario, the maximum transfer capability both with and without uncertainties are calculated. Different from the conventional method that only the minimum value is used, all maximum transfer capability obtained from all system contingencies sampled by Monte Carlo simulation are collected and used to construct the characteristic curve of the maximum transfer capability. The probability density function is considered as the characteristic curve in this paper. For making easy to understand, the concept of the proposed probabilistic approach will be described by using the following example. Assume that the maximum transfer capability of a transaction from bus 1 to 3 of a small power system as shown in Fig. 6 is calculated. From a statistical record, line 1 to 4 have 9%, 7%, 5% and 3% unavailability respectively. From these values, we can evaluate the probability of each event by an analytical method as shown in Table 1 . Because, in this system, the probability of three outage lines is very small, therefore, we can consider only the contingencies up to N-2 condition. The keyword "Base Case" shown in the Table 1 means there is no outage element in that event. "L1" means only transmission line number 1 fails. "L1, L2" means both transmission lines number 1 and 2 fail in that event.
After the algorithm described in section 3 is applied to all possible events, each maximum transfer capability can be Table 1 . Maximum transfer capability and their probability shown in Table 1 .
To construct the p.d. f used for describing their probabilistic nature, all data related to the maximum transfer capability are divided into many sections. Seven equally width sections are used in this example. The probability of each section is evaluated by accumulating the probability of all events relating to that section. The p.d. f. of the maximum transfer capability, for this example, is illustrated in Fig. 7 . Details are also shown in Table 2 .
By the deterministic method, due to N-1 contingencies, the TTC will be set to 85 MW. However, from this example, we can see that this situation having approximately 2.41% probability compared to other possible events hardly occurs. This is why the deterministic TTC is thought to be very conservative, and it provides motivation to consider increasing this rating, TTC, beyond 85 MW. In addition, because the ATC also has some reserved margins, TRM and CBM, the TTC needs not to be that strict value.
Risk Analysis
If we conclude that utilization of the TTC obtained from the deterministic method is inefficient, it becomes a question that how much should it be used? This might be answered by considering the risk analysis. The concept is that the higher value you use the greater risk you get. Consider the p.d. f. as in Fig. 7 . An overall area under this curve is unity. If we consider any value of the maximum transfer value as TTC j we can define an associated risk of curtailment, a probability that the maximum transfer capability is less than TTC j , as follow:
where, f (x) is a p.d. f. of the maximum transfer capability Fig. 7 . Probability density function of maximum transfer capability Table 2 . Probability density function of maximum transfer capability
The easiest way to determine the appropriate TTC is done by defining a prescribed risk level (15) . If one would accept a risk of 5%, then the TTC would be 92.26 MW. It can be clearly seen that the TTC is obviously increased whereas the risk of curtailment of 5% is also acceptable. However, a more reasonable method should include a consideration of an optimum between benefit and risk in a monetary viewpoint (11) (16) .
Numerical Example
Application of the proposed TRM evaluation method based on the probabilistic concept to the IEEJ-WEST10 model system is shown as an example in this section. The uncertainties considered in this example consist of the transmission line rating error and load forecast error. Assume that the line rating error is modeled by parameter α = 0.1 and the demand uncertainties can be modeled by using β = 0.4.
For convenient, rather than consideration of benefit and risk functions, the 5% risk of curtailment criteria is applied to the probability density functions of both 2 cases. Then TRM can be calculated directly from difference of both TTCs. Although TRMs in this test system were calculated for numerous possible paths, only probabilistic TRM of one path is illustrated. The source and sink of this path are buses 2 and 18 respectively. A single line diagram of the IEEJ-WEST10 model system is shown in Fig. 8 . Fig.9 shows the convergence behavior of average maximum transfer capacities of both two cases. They are used as indices to check the convergence of the simulation process. After finishing the simulation process, all maximum transfer capacities of all cases will be used to construct the probability density function as shown in Fig. 10 and Fig. 11 .
From the proposed risk analysis concept, if we accept the risk of 5%, the appropriate TTC can be shown as in Table 3 .
It can be seen that the TTC considering uncertainties is less than that of without uncertainty. Therefore, the difference between these values will be the reserved margin for any uncertainty of operating system condition or TRM. For this example the required transmission reliability margin for this path is 248 MW which is approximately 5% of the TTC.
The TRM at another values of risk of curtailment were also calculated and shown in Fig. 12 . This can be considered as the TRM which is a function of risk. It is clearly seen that the higher risk you accepted the lower amount of TRM you have to reserve. This is corresponding to the "High Risk High Return" concept.
In Figs. 13 and 14 , the TRM as functions of line rating error and load forecast error are illustrated. In Fig. 13 , when α is less than 0.1, there is no need to reserve any transmission capacity for TRM. However, the value of TRM rapidly increases when α is greater than 0.1. In Fig. 14 , it can be seen that the required amount of TRM increases as the error of load forecast increases.
Conclusion
This paper proposes the method for evaluating Transmission Reliability Margin (TRM) based on the probabilistic concept. This proposed method represents the uncertainties which consist of transmission line rating errors and load forecast errors by the probabilistic models. The normal distribution is assumed. Then the Monte Carlo simulation is employed to simulate the operating cycle of the interested system and to model the uncertainties. After finishing the simulation process, the risk of curtailment concept proposed in this paper is used to calculate the appropriate TTC. Finally, TRM can be calculated directly by comparing the TTC of both case considering uncertainties and another calculated without considering any uncertainty. The advantages of the proposed method are illustrated by applications to the IEEJWest 10 model system. The results of TRM as the functions of risk of curtailment, transmission model error, and load forecast error were illustrated. It can be seen that the greater risk you accept, the less TRM is required. Therefore, with this concept, it provides an alternative choice for transmission providers (TPs) or ISOs to flexibly choose the appropriate TTC and then TRM under their criteria to match with a real time economic signal.
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